The purpose of this paper is to establish the existence of the critical condition of borehole stability during air drilling. Rock Failure Process Analysis Code 2D was used to set up a damage model of the borehole excavated in strain-softening rock. Damage evolution around the borehole was studied by tracking acoustic emission. The study indicates that excavation damaged zone (EDZ) is formed around borehole because of stress concentration after the borehole is excavated. There is a critical condition for borehole stability; the borehole will collapse when the critical damage condition is reached. The critical condition of underground excavation exists not only in elastic and ideal plastic material but in strainsoftening material as well. The research is helpful to developing an evaluation method of borehole stability during air drilling.
Introduction
In recent years, air drilling has become an important technology in the oil and gas industry. No liquid column pressure is applied to the downhole rock during air drilling, so the rate of penetration (ROP) can be greatly increased. However, air drilling is confronted with such problems as water layer prediction, evaluation of borehole stability, and destabilization of borehole wall after switching to drilling with mud. This paper focuses on borehole stability during air drilling. Compared with other underground excavation, air drilling has such features as: (1) Deep formation with a depth of 500-5,000 m; (2) The diameter of borehole is from 8-1/2″ to 12-1/4″; (3) Cuttings are lifted out of the wellbore by gases, instead of the conventionally used liquids; (4) There is almost no support on borehole wall. A damaged or plastic zone around the borehole is inevitably created. Is there a critical condition of borehole stability during air drilling? It is important to answer this question for safe air drilling.
The elastic solution to excavation of spherical or cylindrical cavities in a hydrostatically loaded medium is given by Lamé's solution (Jaeger and Cook, 1976) . The elasto-plastic solution can be simplified as a quasi-static problem, not related to constitutive equation (Salençon, 1969; Wang et al, 1982) . Usually, this problem should be solved based on incremental analysis taking constitutive equation into account (Carranza-Torres, 1998; Carranza-Torres and Fairhurst, 1999) . Owing to the assumption of ideal elastoplastic behavior, the critical plastic condition of borehole stability can not be determined according to the solution.
The critical condition of engineering structure can be obtained in an independent way through the application of theorems of the limit analysis (upper bound or lower bound) (Chen, 1975; Drucker and Prager, 1952; Durand et al, 2006) . However, the limit analysis theorems also assume that the plastic behavior of the material is perfect or ideally plastic, i.e., the yield surface is fi xed in the stress space, which results in over-estimating the stability of the rock structure. In fact, under most engineering conditions, in which neither the temperature nor the hydrostatic pressure is too high, the rock shows strain-softening properties other than ideal plasticity. So the plastic zone cannot keep stable expansion as predicted by elasto-plastic analysis (Carranza-Torres, 1998; CarranzaTorres and Fairhurst, 1999) , and there is a critical condition before destabilization (Xu and Liu, 1995) .
In fact phenomenological strain-softening and nonlinearity of rock can be reasonably explained by rock damage mechanics. As micro-cracks initiate and propagate on the small scale and combine into macro-fractures, the strength and stiffness of rock deteriorate (Wawersik and Brace, 1971; Steif, 1984; Sammis and Ashby, 1986; Martin and Chandler, 1994) . Micromechanical fracture models are proposed to describe non-linear rock deformation (Costin, 1985; Singh and Digby, 1989; Hommand-Etienne et al, 1998; Eberhardt et al, 1999) . The acoustic emission (AE) method is proved to be valuable for monitoring microcracking and damage process (Alcott et al, 1998; Hardy, 2003; Cai et al, 2007) .
In this paper, 
2) Critical condition of borehole under non-hydrostatic loading
There is also a critical condition of borehole excavation under non-hydrostatic loading. When the ratio of two in-situ stresses is σ H, man : σ H, min =1.5:1, the critical condition is shown in Fig. 9 . Because shear stress concentrates in the direction of σ H, min , shear acoustic emission is also focused in the direction of σ H, min .
When the ratio of two in-situ stresses is σ H, man : σ H, min =3.5:1, the critical condition is shown in Fig. 10 . Signifi cantly, only tensile acoustic emissions occur in the direction of σ H, max for tensile stress concentration damage. And for shear stress concentration damage the shear acoustic emissions occur in the direction of σ H, min , mingled with tensile acoustic emissions. As a result, four stress softening zones come into being around the borehole, including two symmetrical shear softening zones and two symmetrical tensile softening zones. This phenomenon is also observed in the cavern excavated in the fi elds where high differential stresses exist (Read, 2004) .
True triaxial test
To verify the result and conclusion of numerical simulation, true triaxial tests were carried out. Quadratic cement blocks, with dimensions of 30cm×30cm×30cm, were used. A borehole with a diameter of 5 cm was excavated beforehand in the cement block. The cement model rested in the test cell, shown in Fig. 11 . Then hydraulic pressure was applied on boundaries in three mutually perpendicular directions. The test cell and loading sketch are shown in Fig.  12 .
After the loading on the boundary exceeded the elastic limit load and continued to increase, macro fractures came into being on the borehole surface. Before the critical condition, the borehole kept stable although damaged zone emerged around the hole. Fig. 13 shows the damaged borehole before the critical condition.
Once the loading on boundary exceeded the ultimate bearing capacity of borehole, hydraulic pressure could not increase and the damaged zone expanded quickly and unstably. The borehole after the critical condition is shown in Fig. 14 .
The laboratory experiments of true triaxial test verifi ed the conclusion of numerical simulation. Pet.Sci.(2009)6:158-165 2) Because excavation damaged zone (EDZ) exists around the borehole during air drilling, the borehole easily loses stability after the drilling switches to using mud. So some counter-measures may be required such as wettability reversal or chemical grouting when switching to drilling with mud from air drilling.
Conclusions
This paper focuses on the existence of a critical condition of borehole excavation during air drilling. The following conclusions can be drawn from the numerical simulations and experiments.
1) As far as underground cavern or borehole excavation is concerned, a critical damage condition exists. If the damaged zone around the borehole outranges the critical condition, the underground cavern or bore-hole will lose stability.
2) It is reasonable to analyze borehole stability based on the critical condition during air drilling.
3) The excavation damaged zone around the borehole usually comes into being during air drilling. In the EDZ, micro-cracks develop and combine into macro-fractures, resulting in remarkable change in physical and mechanical properties of the surrounding rock. So the EDZ will easily collapse after switching to mud drilling from air drilling. 4) Finally, it is worthwhile to notice that analytical results of the critical condition depend on such factors as stress path, rock strength criterion, and scale effect. Further studies based on numerical simulation and experimental tests are needed.
